We have performed a comparative study of allelic imbalances in human and murine osteosarcomas to identify genetic changes critical for osteosarcomagenesis. Two adjacent but discrete loci on mouse chromosome 9 were found to show high levels of allelic imbalance in radiationinduced osteosarcomas arising in (BALB/c6CBA/CA) F1 hybrid mice. The syntenic human chromosomal regions were investigated in 42 sporadic human osteosarcomas. For the distal locus (OSS1) on mouse chromosome 9 the syntenic human locus was identified on chromosome 6q14 and showed allelic imbalance in 77% of the cases. Comparison between the human and mouse syntenic regions narrowed the locus down to a 4 Mbp fragment flanked by the marker genes ME1 and SCL35A1. For the proximal locus (OSS2) on mouse chromosome 9, a candidate human locus was mapped to chromosome 15q21 in a region showing allelic imbalance in 58% of human osteosarcomas. We have used a combination of synteny and microsatellite mapping to identify two potential osteosarcoma suppressor gene loci. This strategy represents a powerful tool for the identification of new genes important for the formation of human tumors.
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Introduction
Osteosarcoma is the most common bone tumor of childhood and adolescence, accounting for approximately 2 -3% of all pediatric tumors. Despite advances in treatment, the outcome of the disease remains unpredictable (Fuchs et al., 1998; Provisor et al., 1997) . Elucidation of the genetic changes critical to osteosarcoma formation may facilitate prognostic and therapeutic evaluation, but is hampered by the complex patterns of structural and numerical chromosomal abnormalities (Biegel et al., 1989; Bridge et al., 1997; Fletcher et al., 1994) . As a result of this genetic instability alterations affecting multiple regions of the tumor cell genome are common in sporadic osteosarcoma. The most consistently observed changes are amplification of chromosome 12q13 -15, affecting the MDM2, CDK4 and SAS genes (Brinkschmidt et al., 1998; Tarkkanen et al., 1995) , and amplification of chromosome 8q23 -25 containing the MYC gene (Brinkschmidt et al., 1998; Stock et al., 2000) . Losses are most frequently seen at chromosomes 13q14 and 17p13, accompanied respectively by mutation of the Rb1 and p53 suppressor genes (Mulligan et al., 1990; Toguchida et al., 1988) . Two additional loci, 3q26 and 18q21 -22, show a high frequency of loss of heterozygosity (LOH) , but the identities of the relevant suppressor genes at these loci are now known (Kruzelock et al., 1997; Nellissery et al., 1998) . Representational difference analysis identified small regions of DNA gain on chromosome 17 and chromosome 19 and DNA loss on chromosome 4, but the associated genes have not been identified either (Simons et al., 1997; .
Osteosarcoma can be readily induced in mice by application of bone-seeking alpha-emitting radioisotopes, and are comparable to human osteosarcomas both histologically and pathobiologically (Gossner et al., 1976; Luz et al., 1991) . Murine osteosarcomas are detectable at an early stage, limiting the opportunity for the development of complex genomic alterations, and increasing the likelihood that detected genetic alterations are biologically relevant. We have therefore carried out a comparative microsatellite-based screen for allelic imbalance (AI) in mouse and human osteosarcomas. Through the combination of these data with genome mapping data from both species we have been able to identify two new candidate suppressor gene loci.
Results
Allelic imbalance affects two loci, OSS1 and OSS2, on chromosome 9 in mouse osteosarcoma
The genome-wide screen of AI in mouse osteosarcoma was performed with a set of 18 osteosarcomas using a panel of 177 microsatellite markers. Allelic imbalance was found affecting multiple loci. Those represented in more than 50% of the tumors were deemed to be major sites of AI, whilst those affecting less than 25% of the tumors were considered to represent the background genomic instability of the tumors. Two of the nine major sites identified in this screen colocalized with the loci of genes (p53 and RB1) already known to be involved in the formation of mouse and human osteosarcomas. These results will be described elsewhere in detail (manuscript in preparation). Here we present the pattern of allelic loss on mouse chromosome 9 using 16 microsatellite markers. We identified two adjacent but discrete loci on mouse chromosome 9 that show high levels of AI (78%), and which have not been described to date. These loci are both located within an interval defined by the markers D9Mit144 and D9Mit182 (Figure 1 ). The order of the microsatellite markers shown in Figure 1 is determined from T31 radiation hybrid mapping data from our own typing study (D9Mit307, D9mit113, D9Mit134, D9Mit291, D9Mit10, D9Mit110, D9Mit272) and from published data (D9Mit144, D9Mit133, D9Mit271 (Van Etten et al., 1999) and D9Mit196, D9Mit182 (McCarthy et al., 1997) ). Because D9Mit271 was not polymorphic between the strains of interest, it was substituted in our study by D9Mit9, which is physically linked to D9Mit271 at less than 1 kb distance (unpublished observation).
The more distal locus on chromosome 9, provisionally named OSS1, was flanked by the markers D9Mit9 and D9Mit291. Each of these two markers shows AI in 12/18 cases, with potential overlapping deletions present in 78% (14/18) of osteosarcomas. The distal border is defined by tumors 2 and 12, which show retention of heterozygosity of markers up to and including D9Mit291. The proximal boundary is defined by tumors 4 and 8, which show retention of markers up to and including D9Mit9 (Figure 1 ).
For the more proximal locus on chromosome 9 (OSS2) marker D9Mit307 shows AI in 78% (14/18) of tumors. The distal boundary of this locus is defined by tumors 8, 12 and 15, which all show AI affecting D9Mit307, but not the flanking distal marker D9Mit133. The proximal boundary of this locus could not be precisely defined due to the presence of a large chromosomal segment lacking polymorphic markers beyond D9Mit307. D9Mit144, the first informative marker proximal to this non-polymorphic section, shows retention of heterozygosity in four additional cases, thus representing a conservative limit for the proximal end of OSS2 (Figure 1 ).
Allelic imbalance in human osteosarcoma loci syntenic to OSS1 and OSS2 affects human chromosomes 6 and 15
Using the mouse -human synteny map provided by the Mouse Genome Database (http://www.informatics.jax. org/menus/homolog_menu.shtml) we were able to place OSS1 within a region of synteny on human chromosome 6q including TBX18 (Figure 2 ). AI was found in 69% (29/42) of the human osteosarcomas to affect this region of chromosome 6q. The highest frequency of AI occurred at marker D6S1627, which shows AI in 77% of informative cases (23/30). The proximal boundary of the interval affected by AI is defined by tumor 33, showing retention of heterozygosity at marker D6S1609. The distal boundary is defined by tumor 34, with retention of heterozygosity at marker D6S434. These two tumors define an interval of approximately 18 Mbp that encompases the marker D6S1627, which shows the highest level of AI ( Figure 3 ).
Due to the complex synteny pattern of the region containing mouse OSS2 we were unable to unequivocally identify the corresponding human region. The loci on human chromosome 6q12 -11 (COL12A1), 6p (BMP5) or 15q21 (SCG3) are all potential syntenic sites of OSS2 (Figure 2 ). In the human osteosarcoma, a high level of AI was found on chromosome 15q21, making this region the most likely candidate region for Mouse/human synteny mapping places OSS1 between ME1 and SCL35A1 ME1, the human ortholog of mouse Mod1, can be used to define the proximal border of the minimal region affected by AI on chromosome 6q14. Because Mod1, which is located proximal to D9Mit9, lies outside the proximal border defined for mouse OSS1 we deduce that the proximal border of the human locus can be refined to exclude ME1 on chromosome 6q ( Figure 5 ).
SLC35A1 defines the distal boundary of the human OSS1 locus. This gene maps to the distal portion of the region affected by AI in human osteosarcomas on Figure 2 Mouse -human synteny interval spanning OSS1 and OSS2. Mouse genes and STS markers on chromosome 9 were mapped using the T31 RH panel. Locus order was determined using the RHMAP program. Raw data vectors were submitted to NCBI GeneMap99 (http://www.ncbi.nlm.nih.gov/genemap99/) or the Jackson laboratory RH database (http://www.jax.org/resources/documents/cmdata/rhmap/). The genes depicted are those included in the synteny intervals between MMU 9 and HSA15, HSA6p and HSA6q Shown is the region of allelic imbalance (AI) common to both mouse chromosome 9 and human 6q14. Markers D9Mit9 and D9Mit291 define the minimal region affected by AI in mouse. Mod1 defines the proximal border in mouse; analogously orthologous ME1 defines the proximal border of the region affected by AI in human osteosarcomas. Distal border is defined by SCL35A1, which in the mouse is located on chromosome 4 and therefore excluded from the OSS1 locus in mouse. OSS1 is therefore located between ME1 and SCL35A1, a region of approximately 4 Mbp chromosome 6q. Since it is placed on MMU4 by radiation hybrid mapping it is clearly not part of the murine OSS1 locus and can thus be used as the distal boundary marker of human OSS1 ( Figure 5 ).
These comparisons between mouse and human sequences permit us to refine the human OSS1 locus to that portion of chromosome 6q between ME1 and SCL35A1, a region of approximately 4 Mbp.
Mouse/human synteny relationships place the OSS2 region between HDC and D15S198
Employing an analogue procedure to that for the mapping of OSS1 we were able to define the proximal border of OSS2 using the HDC locus. This gene, located within the region of chromosome 15 affected by AI in the human osteosarcomas, is located on MMU2. Since this region does not exhibit significant AI in mouse osteosarcoma (data not shown), HDC can be used to define the proximal border of the human OSS2 region. This distal boundary of OSS2 is defined by marker D15S198, which lies outside the region affected by AI in the human osteosarcoma. In this way, we can define a region of chromosome 15q21 corresponding to mouse OSS2, located between HDC and the microsatellite marker D15S198, a region spanning approximately 8 Mbp.
Discussion
Genetic and biological similarities in the neoplastic process between mouse and man have been exploited to identify the general molecular mechanism of tumorigenesis. Indeed, studies of mouse tumorigenesis models demonstrate that proto-oncogene activation and loss of function of tumor suppressor genes are molecular mechanisms resembling those in human tumors (Balmain and Harris, 2000) . Here we present an example where data obtained in a mouse tumor model can be meaningfully extrapolated to man. By combining AI data from the mouse and human osteosarcoma with established data of the mouse/ human synteny relationship we have been able to define two novel tumor suppressor gene loci in osteosarcoma. Invesigation of the allelic status of mouse osteosarcomas revealed frequent AI affecting two loci on chromosome 9. Synteny mapping placed one of these loci, OSS1, onto HSA6q14. In this region a high frequency of AI (77%) was revealed in human osteosarcomas. Synteny mapping of the regions of interest in murine and human tumors placed OSS1 in an approximately 4 Mbp interval between ME1 and SCG35A1, and, using an analogous procedure, OSS2 in the region between HDC and the microsatellite marker D15S198, an interval of 8 Mbp.
No genes previously shown to be involved in the formation of malignant tumors have been mapped to the OSS1 and OSS2 regions on mouse chromosome 9. In a study of spontaneous and chemically induced liver tumors in mice frequent loss of heterozygosity was found in a region indistinguishable from the region of OSS2 in our study, but the associated gene is not yet identified (Davis et al., 1994) .
In man, allelotype analysis in osteosarcoma has revealed allelic loss in up to 50% of the tumors at chromosome 15q , and comparative genomic hybridization studies have revealed that both the chromosome 6q and chromosome 15q loci identified in our study exhibit losses of genomic material in up to 40% of osteosarcoma (Brinkschmidt et al., 1998; Tarkkanen et al., 1995) . This suggests that the AI we observed is the result of LOH and therefore indicative of the presence of tumor suppressor genes at these loci. Chromosomal losses affecting these regions on chromosome 6q and 15q have also been described in a number of other malignant tumors, but when they were mapped in detail they did not correspond to either OSS1 or OSS2 (Balsara et al., 1999; Bernues et al., 1999; Park et al., 2000; Reardon et al., 1999) .
Multiple molecular events are likely to underlie the development of osteosarcoma. Thus, involvement of a number of oncogenes in osteosarcomas has been reported including MDM2, CDK4 and SAS on chromosome 12q13 -15 (Kanoe et al., 1998; Ladanyi et al., 1993; Lonardo et al., 1997; Wei et al., 1999) and MYC on chromosome 8q24 (Gamberi et al., 1998; Pompetti et al., 1996) . On the other hand, losses of 13q (Belchis et al., 1996; Hansen et al., 1985; Toguchida et al., 1988; Wadayama et al., 1994; Yamaguchi et al., 1992) and 17p (Goto et al., 1998; Mulligan et al., 1990; Toguchida et al., 1992; Yamaguchi et al., 1992) in up to 60 -77% of the tumors suggest that disturbances of the Rb-and p53-dependent growth-regulatory pathways are critically involved in the pathogenesis of sporadic osteosarcomas. The importance of these tumor suppressor genes is emphasized by the fact that patients with germline mutations in both p53 and RB are predisposed to osteosarcoma development. As only a minority of these patients develop osteosarcoma (Draper et al., 1986; Malkin et al., 1990) , additional genetic factors are obviously required for the formation of osteosarcoma. Of the other known genetic changes the high frequency of allelic loss at 3q and 18q (Kruzelock et al., 1997; Nellissery et al., 1998; Yamaguchi et al., 1992) suggests the involvement of at least two additional tumor suppressor genes in the development of osteosarcoma. The AI frequency affecting OSS1 on chromosome 6q14 approaches that described for p53 and RB1. This suggests that the tumor suppressor gene we assume to be in the OSS1 region may play a similarly important role in osteosarcoma tumorigenesis.
It has already been shown that disturbances of developmental control genes are associated with tumorigenesis. Interestingly, TBX18, a member of the T-Box gene family, maps to this region of interest. T-Box genes are transcription factors involved in the regulation of developmental processes, e.g. TBX5 has been observed to have a profound inhibitory effect on cell proliferation during cardiogenesis (Hatcher et al., 2001) . TBX genes have also been shown to regulate bone and extremity development. Indeed, TBX2 seems to play a role in osteogenesis in the human (Chen et al., 2001) , and tbx18 expression was demonstrated in developing limb buds in mice (Kraus et al., 2001) . From all this is may be speculated that TBX18 is a good candidate for the 6q OSS1 tumor suppressor gene.
To our knowledge, this is the first study demonstrating the power of comparing murine and human tumors, which takes advantage of the synteny relationship for fine mapping of tumor suppressor gene loci. Considering the similarities of tumorigenic mechanisms in both species and the current progress of genomic sequencing in mouse and man, exploitation of the synteny relationship could improve the identification of protooncogenes and tumor-suppressor genes.
Materials and methods

Mouse osteosarcoma
A genomic-wide screen for AI was performed on 18 osteosarcomas induced in female (BALB/c 6 CBA/CA) F1 hybrid mice through a single i.p. injection of 185 Bq/g body weight 227 Th-citrate. Genomic DNA was isolated directly from 12 fresh-frozen tumors (45 mm diameter) using a genomic DNA extraction kit (Qiagen, 40724 Hilden, Germany) and from cells microdissected from six smaller tumors (55 mm in diameter) using the QIAamp tissue extraction kit (Qiagen). DNA from non-tumorous tissue was obtained by the same method and provided reference DNA for each tumor.
Human osteosarcoma
Forty-two high-grade intramedullary osteosarcomas were analysed. Genomic DNA was obtained from tissue microdissected from 29 formalin-fixed paraffin-embedded tumors using the QIAamp tissue kit, and from 13 fresh-frozen biopsy samples using the Puregene DNA extraction protocol (Biozyme, 31833 Hess. Oldendorf, Germany), followed by treatment with RNase A. Non-tumorous formalin-fixed tissues or peripheral blood lymphocytes were extracted to provide reference DNA for each patient.
Analysis of allelic imbalance in mouse tissues
A panel of 177 informative microsatellite markers was used. Microsatellite markers showing at least a 2 bp difference between BALB/c and CBA/CA alleles were amplified using published PCR primer sequences (Dietrich et al., 1994) . PCR reactions contained 20 ng template DNA, 5 pmol of primer oligonucleotide, 1.25 mM dNTPs, 1 U Taq polymerase (Amersham Pharmacia) and PCR reaction buffer containing 1.5 mM MgCl 2 in a final volume of 20 ml. Thirty PCR cycles were performed (1 min 948C, 1 min 558C, 1 min 728C). After gel electrophoresis the ratio of maternal and paternal alleles was determined by digital analysis of Ethidium Bromide stained 8% polyacrylamide gels (IQ software, BioImage Systems Corp, Ann Arbour, MI, USA). AI was defined as a reduction of one allele in tumor tissue by at least 50% compared to the corresponding allele in non-tumor tissue. Reductions of between 40 and 50% were also considered as AI if both flanking markers showed an AI of more than 50%.
Analysis of allelic imbalance in human tissues
High polymorphic microsatellite markers mapping to chromosome 6p22.3 -6q23.3 and 15q11.1 -15q26.1 were selected from the Human Genome Database (http://www.genome. wi.mit.edu). PCR amplification was performed under standard conditions in a 15 ml reaction mixture containing 2 ml of template DNA, 15 mM MgCl 2 PCR buffer, 1.25 mM dNTPs, 20 pmol of each primer oligonucleotide (forward primers were fluorescently labeled) and 1.5 U Taq polymerase (Amersham Pharmacia). Thirty amplification cycles were performed (0.5 min 948C, 0.5 min 55 -608C and 1.5 min 728C). Reaction products were resolved and quantified using an automated ABI 377 sequencer and ABI Prism Gene Scan software. AI was defined as above.
Mapping of mouse -human syntenic regions
The synteny relationship between mouse chromosome 9 (MMU9) and human chromosome 6 (HSA6) was refined by radiation hybrid mapping of anchor genes (Scg3, Bmp5, Col12a1, Mod1, Tbx18 and Rasgrf1) relative to a number of microsatellite markers using the mouse T31 radiation hybrid panels (Research Genetics). Our T31 mapping data of markers, including ones shown in Figure 1 as well as others which will be described elsewhere, have been deposited at The Jackson Laboratory T31 Mouse Radiation Hybrid Database (http://www.jax.org/resources/document/cmdata/rhmap/ rh.html). The best locus order for the microsatellite markers and anchor genes we mapped was determined at LOD 2.5 using the RHMAP program (Boehnke et al., 1991) . The order for the markers on human chromosomes and the physical distances were taken from the Human Genome working draft (http://genome.ucsc.edu).
